Nitric oxide (·NO) has been shown to participate in plant response against pathogen infection; however, less is known of the participation of other NO-derived molecules designated as reactive nitrogen species (RNS). Using two sunfl ower ( Helianthus annuus L.) cultivars with different sensitivity to infection by the pathogen Plasmopara halstedii , we studied key components involved in RNS and ROS metabolism. We analyzed the superoxide radical production, hydrogen peroxide content, L -arginine-dependent nitric oxide synthase (NOS) and S -nitrosoglutathione reductase (GSNOR) activities. Furthermore, we examined the location and contents of ·NO, S -nitrosothiols (RSNOs), S -nitrosoglutathione (GSNO) and protein 3-nitrotyrosine (NO 2 -Tyr) by confocal laser scanning microscopy (CLSM) and biochemical analyses. In the susceptible cultivar, the pathogen induces an increase in proteins that undergo tyrosine nitration accompanied by an augmentation in RSNOs. This rise of RSNOs seems to be independent of the enzymatic generation of ·NO because the L -argininedependent NOS activity is reduced after infection. These results suggest that pathogens induce nitrosative stress in susceptible cultivars. In contrast, in the resistant cultivar, no increase of RSNOs or tyrosine nitration of proteins was observed, implying an absence of nitrosative stress. Therefore, it is proposed that the increase of tyrosine nitration of proteins can be considered a general biological marker of nitrosative stress in plants under biotic conditions.
Introduction
Nitric oxide (·NO) is a gaseous radical with a wide variety of physiological/pathological implications in animal and plant cells ( Lamattina et al. 2003 , Neill et al. 2003 , Shapiro 2005 , Neill et al. 2007 , Pacher et al. 2007 , Corpas et al. 2008b , Corpas et al. 2008c . This molecule has a family of related molecules designated as reactive nitrogen species (RNS), such as dinitrogen tridoxide (N 2 O 3 ), nitrogen dioxide (·NO 2 ), peroxynitrite (ONOO − ), S -nitrosothiols (RSNOs), S -nitrosoglutathione (GSNO), etc. Among these RNS, the RSNOs, GSNO and peroxynitrite are the most studied. The formation of RSNOs implies the reaction of nitrosonium (NO + ) with a thiol group present in free cysteine, peptides or proteins, although the basic mechanism of generation in vivo is not totally understood ( Carver et al. 2005 , Dahm et al. 2006 , Sun et al. 2006 ).
Thus, S -nitrosylation can be mediated for different NO-derived molecules such as peroxynitrite, ·NO oxides (i.e. N 2 O 3 ) or metal-NO complexes ( Viner et al. 1999 , Hess et al. 2005 , Gaston et al. 2006 , Lindermayr and Durner 2006 ) . The GSNO results from the reaction between ·NO and reduced glutathione (GSH) or by a process of transnitrosation from other RSNOs with GSH. Given that GSH is the most abundant low molecular weight thiol in plant cells, the knowledge of GSNO metabolism and its localization in the cells/tissues is crucial to understand ·NO function. Consequently, RSNOs, and particularly GSNO, may function both as an intracellular ·NO reservoir and as a vehicle for ·NO throughout the cell ( Singh et al. 1996a , Singh et al. 1996b . In a complementary way, the glutathione-dependent enzyme formaldehyde dehydrogenase (FALDH; EC 1.2.1.1) has been demonstrated to have GSNO reductase (GSNOR) activity in bacteria, yeast and mammals ( Liu et al. 2001 ), and to be involved in the mechanism of protein S -nitrosation in mammalian cells (Haqqani et al. 2003) . The GSNOR catalyzes the NADH-dependent reduction of GSNO to GSSG and NH 3 ( Liu et al. 2001 , Lamotte et al. 2005 . In plants, GSNOR has been found to be very active in the reduction of GSNO in Arabidopsis ( Sakamoto et al. 2002 , Lee et al. 2008 , tobacco and pea ). On the other hand, peroxynitrite (ONOO − ) is the result of a rapid reaction between superoxide radicals (O 2 · − ) and ·NO ( k = 1.9×10 10 M −1 s −1 ) ( Kissner et al. 1997 ). This molecule is a powerful oxidant and can react with DNA, lipids and proteins under physiological conditions, leading to cellular damage and cytotoxity ( Radi 2004 , Szabo et al. 2007 . In this sense, protein tyrosine nitration consists of the addition of a nitro group (-NO 2 ) to one of the two equivalent ortho carbons of the aromatic ring of tyrosine residues. This covalent modifi cation of proteins seems to be mediated by peroxynitrite ( Ischiropoulus 2003 , Radi 2004 . In animal cells, protein tyrosine nitration has been used as a biomarker of pathological states and nitrosative stress because it can modify the conformation and structure of proteins, the catalytic activity of enzymes and its susceptibility to proteolysis. In plants, recent data seem to indicate that nitrotyrosine could also be used as a marker of nitrosative stress ( Corpas et al. 2007b ) .
Sunfl ower ( Helianthus annuus L.), a major agricultural crop providing oil, is susceptible to downy mildew (caused by the fungus Plasmopara halstedii ), which infl icts yield losses of up to 80% ( Fernández-Ocaña et al. 2004 ) . Infection begins in the roots (Allard 1979) and can have a secondary infection, resulting in systemic fungal infection ( Mazeyrat et al. 1999 ) . This obligate parasite is specifi c to sunfl ower and there are a signifi cant number of physiological strains which can be distinguished by their differential virulence in sunfl ower genotypes ( Gulya et al. 1991 , Molinero-Ruiz et al. 2002 .
The generation of ·NO and reactive oxygen species (ROS) has been reported to be an early defense mechanism during plant biotic stress induced by pathogen infection ( Hancock et al. 2002 , Romero-Puertas and Delledonne 2003 , Wendehenne et al. 2004 , Kotchoni and Gachomo 2006 , Mur et al. 2006 , Torres et al. 2006 , Zaninotto et al. 2006 , Arasimowicz and Floryszak-Wierczore 2007 , Hong et al. 2008 . However, less is known about the other NO-derived molecules during the plant-pathogen interaction. In the present work, using as model two types of sunfl ower-P. halstedii interactions, susceptible and resistant, we undertake a biochemical, molecular and cellular study of the key components involved in the metabolism of RNS. Taken all together, the results suggest that the RSNOs, with special emphasis on GSNO, have a different localization and regulation in sunfl ower hypocotyls depending on the plant's susceptibility to the infection by downy mildew. Moreover, they showed that tyrosine nitration of proteins is increased in the susceptible cultivar but not in the resistant cultivar. Therefore, it is proposed that this post-translational protein modifi cation could be a marker of nitrosative stress in the plant-pathogen interaction.
Results
The main goal of this study is to analyze key component involved in the metabolism of RNS during plant-pathogen interaction. Thus, the sunfl ower-P. halstedii interaction 9 d post-infection (dpi) was selected as a model because previous studies have established, in detail, the time course (1.5-15 d) of the activation of defense genes (such as the Ha-PR5 gene) in hypocotyls after infection ( Radwan et al. 2005 ) . It should be pointed out that hypocotyl is the tissue where the mechanisms against infection are more evident because the fungus initiates the infection in roots and in most cases did not reach the leaves ( Virányi and Dobrovolszky 1980 , Radwan et al. 2005 ) . Fig. 1 shows the phenotype of the 9-day-old seedlings of two sunfl ower cultivars with different sensitivity to the pathogen P. halstedii strain 2. After infection, the cultivar HA89 (mildew susceptible) showed a signifi cant reduction in size compared with the control seedlings ( Fig. 1A ). In contrast, cultivar X55 (mildew resistant) showed no apparent difference in size after infection by P. halstedii ( Fig. 1B ) . Table 1 shows the fresh and dry weights of hypocotyls and whole plants under these conditions, corroborating that the pathogen affected the growth of the susceptible cultivar but not that of the resistant cultivar. To corroborate whether the infection by P. halstedii caused the induction of defenserelated genes in our system, we studied Ha-PR5 gene expression by real-time quantitative reverse transcription-PCR (RT-PCR) transcript analysis using specifi c primers ( Table 2 ). In the susceptible cultivar after infection, the Ha-PR5 transcripts were almost undetectable in both infected and uninfected hypocotyls. In contrast, in the resistant cultivar, the Ha-PR5 gene was induced around 5-fold in the infected hypocotyls ( Fig. 1C ). This result is in agreement with that reported by Radwan et al. (2005) where Ha-PR5 gene expression reaches its maximum at 9 dpi in the resistant cultivar but not in the susceptible cultivar.
Hydrogen peroxide (H 2 O 2 ) content and cellular analysis of superoxide radical (O 2 · − )
Plant pathogens induce the generation of ROS in the infected plants as a mechanism for triggering defense responses ( Levine et al. 1994 , Kotchoni and Gachomo 2006 ) . To determine whether P. halstedii caused ROS generation after infection in sunfl ower seedlings, the generation of H 2 O 2 and O 2 · − was tested. Thus, the H 2 O 2 content was quantifi ed in hypocotyl extracts ( Fig. 2A ) . The H 2 O 2 content was induced 4.5-fold in the susceptible cultivar after infection but not signifi cantly affected in the resistant cultivar. On the other hand, the cellular production of O 2 · − was analyzed by confocal laser scanning microscopy (CLSM) using the fl uorescence probe dihydroethidium (DHE) ( Fig. 2 ). In the susceptible cultivar, the green fl uorescence corresponding to O 2 · − was present mainly in vascular tissue ( Fig. 2B ) , and after the infection the green fl uorescence was intensifi ed in vascular tissue but a homogenous distribution in all cortex cells was also visible ( Fig. 2C ). In the resistant cultivar, the green fl uorescence was very similar in both uninfected ( Fig. 2D ) and infected seedlings ( Fig. 2E ). As controls of the O 2 · − production, hypocotyl sections from both cultivars were pre-incubated with 1 mM TMP (2,2,6,6-tetramethyl-piperidine; a superoxide radical scavenger); the green fl uorescence was strongly reduced ( Fig. 2F , G ).
Enzymatic production of ·NO from L -arginine (NOS activity) and cellular content of ·NO
The analysis of the L -arginine-dependent NOS activity after infection by P. halstedii in both cultivars is shown in Fig. 3A . In the susceptible cultivar, the NOS activity was reduced 1.4-fold after infection, whereas it was induced 1.7-fold in the resistant cultivar. It is remarkable that the NOS activity in the uninfected susceptible cultivar was 0.634 nmol ·NO mg −1 protein min −1 which was 2-fold higher than the NOS activity measured in the resistant cultivar. The location and level of ·NO was analyzed by CLSM using the fl uorescent probe 4,5-diaminofl orescein diacetate (DAF-2 DA) where the green fl uorescence corresponds to the location of ·NO ( Fig. 3B-E ) . In both susceptible and resistant cultivars, the ·NO was clearly located in the epidermal cells and vascular tissue, but it was also present in the cortex cells of the susceptible cultivar ( Fig. 3B ). After infection, the fl uorescence was reduced in the susceptible cultivar ( Fig. 3C ) whereas it was increased, mainly in cortex cells, in the resistant cultivar ( Fig. 3E ) . These results agree with the NOS activity ( Fig. 3A ) . As a control of the ·NO production, uninfected hypocotyl sections of both susceptible and resistant cultivars were pre-incubated with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; an ·NO scavenger) and the green fl uorescence was strongly reduced ( Fig. 3F , G ).
Content and cellular localization of RSNOs
The total content of RSNOs was quantifi ed by a chemiluminescence method ( Jourd'heuil et al. 2005 ) . Fig. 4A showed that the total content of RSNOs increased 3.5-fold in the susceptible cultivar after infection. However, in the resistant cultivar, the total content of RSNOs in hypocotyls was reduced 1.5-fold after infection. It is signifi cant that the total endogenous content of RSNOs was 1.8-fold higher in the uninfected hypocotyls of the resistant cultivar compared with the uninfected susceptible cultivar. This suggests that the RSNO content is not directly related to the ·NO generated by the NOS activity ( Fig. 3A ). In fact, there is an inverse correlation between NOS activity and RSNO content.
The cellular location of RSNOs was detected using the fl uorescent probe Alexa Fluor 488 Hg-link, which can react with RSNOs via the Saville reaction ( Valderrama et al. 2007 , Corpas et al. 2008a ). In the susceptible cultivar, the level of RSNOs was almost undetectable ( Fig. 4B ), but after infection the RSNOs showed a signifi cant increase in all cell types, including vascular tissues, epidermal cells, parenchyma cells of the cortex, and pith ( Fig. 4C ). In the resistant cultivar, the RSNOs behaved differently; they were present in all cell types of the uninfected hypocotyls ( Fig. 4D ) but after infection were detected in epidermal cells and vascular tissue ( Fig. 4E ). These results also agree with the quantifi cation of total RSNOs ( Fig. 4A ) . Supplementary Fig. S1 shows the localization and content of RSNOs in hypocotyl cross-sections of Thus, the main differences in RSNOs observed at 9 d were similar to those found at 3 and 6 d during infection in susceptible and resistant cultivars.
Immunolocation of GSNO and GSNOR in sunfl ower hypocotyls
The cellular location and level of GSNO and GSNOR were analyzed in both cultivars of sunfl ower hypocotyl sections using specifi c antibodies ( Fig. 5 ). The green fl uorescence is attributable to GSNO and GSNOR in the corresponding panels. In the uninfected susceptible cultivar ( Fig. 5A -C ), the GSNO was located in the epidermal cells of hypocotyls ( Fig. 5B ) and a low amount of GSNOR was located throughout the cortex cells ( Fig. 5C ). After infection by P. halstedii ( Fig. 5D-F ), the GSNO content increased in both epidermal and cortex cells ( Fig. 5E ). However, the GSNOR did not show any signifi cant induction ( Fig. 5F ). In the uninfected resistant cultivar ( Fig. 5G-I ), the GSNO was also present in the epidermal and cortex cells of hypocotyls ( Fig. 5H ) and a low amount of GSNOR was localized in the cortex cells ( Fig. 5I ).
After infection with P. halstedii ( Fig. 5J-L ), the GSNO was located exclusively in a layer of cells closer to epidermal cells ( Fig. 5K ) and the GSNOR was induced in both cortex and epidermal cells ( Fig. 5L ). Fig. 5A , D , G and J shows the autofl uorescence (blue color) corresponding to the same fi eld of Fig. 5B , E , H and K , respectively. As control for background staining, the primary antibodies to GSNO and GSNOR were replaced by pre-immune serum in susceptible and resistant cultivars ( Supplementary Fig. S2C-F ). Under these conditions, no immunofl uorescence background was observed.
On the other hand, analysis of hypocotyl crude extracts by native PAGE and staining for GSNOR activity showed a single band ( Fig. 5M ). In the susceptible cultivar, the GSNOR activity increased slightly after infection. However, in the resistant cultivar, this increase was clearer after infection. Tyrosine nitration (NO 2 -Tyr) of proteins in sunfl ower hypocotyls Fig. 6A shows the immunoblot analysis of the protein profi le of tyrosine nitration in sunfl ower hypocotyls using an antibody against nitrotyrosine (NO 2 -Tyr) ( Uttenthal et al. 1998 ).
In the uninfected susceptible cultivar, three nitrated proteins of 47, 59 and 68 kDa were detected, the band at 59 kDa being the most prominent. After infection, an intensifi cation of the band of 68 kDa was detected. In contrast, in the resistant cultivar, the protein profi le did not shown any apparent difference after infection. As a positive antibody control, nitrated bovine serum albumin (BSA; Sigma, St Louis, MO, USA) was used. Moreover, a crude extract of the fungus was also used as control, the tyrosine nitration profi le of proteins being different from those of the hypocotyl extracts (uninfected or infected). A densitometric quantifi cation of the relative optical density of the immunoreactive bands detected with the antibody against NO 2 -Tyr is shown in Table 3 . The cellular location was also studied by CLSM using the same antibody against NO 2 -Tyr ( Fig. 6B-E ). In the uninfected susceptible cultivar, the green fl uorescence corresponding to NO 2 -Tyr was observed mainly in vascular tissues and cortex cells ( Fig. 6B ) . However, in hypocotyls after infection the green fl uorescence was present in almost all cell types, with a clear intensifi cation in vascular tissues and cortex cells ( Fig. 6C ). On the other hand, in the uninfected resistant cultivar, the green fl uorescence was also present in vascular tissue and cortex cells ( Fig. 6D ) , similar to the susceptible cultivar. However, in the resistant cultivar after infection, the NO 2 -Tyr localization was very similar to that of the uninfected hypocotyls ( Fig. 6D ) . As control for background staining, the primary antibody to NO 2 -Tyr was replaced by pre-immune serum in susceptible and resistant cultivars (Supplementary Fig. S1E, F) . Under these conditions, no immunofl uorescence background was observed. ( Corpas et al. 2007a ). The reason is that these molecules can mediate many plant physiological processes (germination, plant development, senescence, etc.) directly or through post-translational modifi cations of proteins ( Besson-Bard et al. 2008 , Corpas et al. 2008b , Neill et al. 2008 . In this context, some key elements involved in the generation/decomposition of RNS were studied, including the enzymatic generation of ·NO by a L -arginine-dependent NOS activity, GSNOR activity, the cellular localization of ·NO, GSNO and RSNOs, as well the cellular distribution of GSNOR and NO 2 -Tyr as a potential marker of nitrosative stress ( Corpas et al. 2007b ). Thus, the main goal of the present study is to determine whether biotic stress can induce nitrosative stress and test whether tyrosine nitration of proteins could be used as a common marker of this type of stress in plants, in the same way that lipid peroxidation or protein carbonylation are well recognized markers of oxidative stress ( Corpas et al. 2007b ) . For this purpose, sunfl ower cultivars susceptible and resistant to P. halstedii ( Chaki 2007 , Roldán-Serrano et al. 2007 ) have been used as a model of biotic stress to analyze if RNS are involved in a potential process of nitrosative stress. In our experimental conditions is was observed that after infection by P. halstedii the development of sunfl ower seedlings was affected in the susceptible cultivar but not in the resistant cultivar. This behavior was corroborated using Ha-PR5 gene expression ( Jung et al. 1993 , Radwan et al. 2005 , which was strongly induced after infection in the resistant cultivar but not in the susceptible cultivar ( Fig. 1C ) , as has been previously described ( Radwan et al. 2005 ) . Moreover, the generation of ROS (H 2 O 2 and O 2 · − ) was also clearly induced after infection in the susceptible but not in the resistant cultivar ( Fig. 2 ) .
Analysis of L -arginine-dependent NOS activity in the uninfected hypocotyls of susceptible and resistant cultivars revealed that the susceptible cultivar had a NOS activity 2-fold higher than that of the resistant cultivar. Conversely, after infection, the NOS activity was reduced in the susceptible cultivar but was induced in the resistant cultivar. This indicates that the cultivars displayed opposite behavior against the fungal infection. In fact, in other plant species under different biotic stresses, NOS activity was augmented. For example, in soybean cotyledons, the NOS activity mediated phytoalexin accumulation in response to Diaporthe phaseolorum ( Modolo et al. 2002 ) . In Arabidopsis , the application of lipopolysaccharides from different bacteria activated the NOS activity and induced defense genes ( Zeidler et al. 2004 ). In Arabidopsis leaves, after inoculation with Pseudomonas syringae pv. maculiocola ( Psm ) or tomato ( Pst ), the NOS activity was also induced 4-to 5-fold ( Feechan et al. 2005 , Modolo et al. 2005 ). In the Arabidopsis hypersensitive response (HR), the involvement of a NOS activity has also been shown by pharmacological approaches ( Delledonne et al. 1998 , Zhang et al. 2003 . On the other hand, the ·NO content, evaluated by CLSM ( Fig. 3 ) , had a similar behavior to that of the NOS activity in hypocotyls after infection by P. halstedii in both susceptible and resistant cultivars. Similarly, in other plant-pathogen interactions ·NO accumulation has been noted following inoculation of avirulent (i.e. eliciting a HR) but not virulent bacterial strains into Glycine max ( Delledonne et al. 1998 ) and Arabidopsis thaliana suspension cultures ( Clarke et al. 2000 ) .
A high content of endogenous RSNOs (GSNO) prevents the spread of infection in resistant cultivars
RSNOs, and particularly GSNO, may function both as an major intracellular ·NO reservoir and as a vehicle for ·NO throughout the plant ( Singh et al. 1996a , Singh et al. 1996b , Arasimowicz and Floryszak-Wierczore 2007 ) . However, little is known about the mechanism of formation or the destiny of these molecules ( Dahm et al. 2006 ) . Under physiological conditions, RSNOs are considered to provide protection against cellular damage induced by oxidative and nitrosative stress ( Sun et al. 2006 , Valderrama et al. 2007 ). Feechan et al. (2005) have shown in the compatible interaction between A. thaliana Col-0 and P. syringae DC3000 ( avrB ) that the total content of RSNOs increased after infection. Furthermore, it has been shown that this increase in RSNOs occurred in the absence of increased ·NO production, indicating that RSNOs and ·NO may undertake distinct functional roles during the establishment of plant disease resistance. In fact, the actions of ·NO could not be exclusively controlled at the level of ·NO synthesis during plant defense resistance ( Feechan et al. 2005 , Dahm et al. 2006 ). In our experimental models, the same behavior was observed because the total content of RSNOs increased in the susceptible cultivar; however, in the resistant cultivar, the content of RSNOs was lower ( Fig. 4 ) . It is important to note, however, that the uninfected resistant cultivar had double the endogenous content of RSNOs compared with the susceptible cultivar and these RSNOs also had a general distribution in almost all cell types ( Fig. 4D ) . Thus, this higher RSNO content and general location may be features of the resistant cultivar in preventing the initial spread of infection with a concomitant low content of ·NO.
When the GSNO content was evaluated by CLSM, a similar behavior to RSNOs was observed. Furthermore, in the susceptible cultivar, the GSNO was located almost exclusively in epidermis cells ( Fig. 5B ) ; however, after infection, the GSNO had a general distribution ( Fig. 5E ). In contrast, in the resistant cultivar, the GSNO was localized in almost cell types ( Fig. 5H ) , and after infection the GSNO was redistributed and located exclusively in the epidermal cells ( Fig. 5K ) As well as the content of RSNOs, the uninfected resistant cultivar had a higher GSNO content, which may be related to infection resistance. Additionally, in the sensitive cultivar after infection by P. halstedii , the de novo synthesis of GSNO had a general distribution. In contrast, in the resistant cultivar after infection by P. halstedii , the GSNO seemed to be redistributed and mobilized to the epidermis cells because, usually, this is the site of growth of P. halstedii towards the upper part of the sunfl ower seedlings ( Radwan et al. 2005 ) . All these results suggest that the high endogenous content of RSNOs and GSNO, and their redistribution to the hypocotyl epidermal cells after infection, are both factors that can contribute to resistance.
The enzyme GSNOR can regulate the cellular level of RSNO and therefore the GSNO content. Thus, it has been reported that mutation of AtGSNOR1 modulates the extent of cellular RSNO formation and turnover, which seems to regulate multiple modes of plant disease resistance ( Feechan et al. 2005 ) . In this sense, we have observed an inverse correlation between GSNOR activity and GSNO content in the resistant cultivar. Similarly, transgenic Arabidopsis with a decreased amount of GSNOR (using an antisense strategy) showed more resistance against the pathogen Peronospora parasitica , which was correlated with higher levels of intracellular RSNOs ( Rusterucci et al. 2007 ).
An increase in protein tyrosine nitration is a marker of nitrosative stress in biotic stress
Peroxinitrite is a powerful oxidant and it appears to be the main RNS involved in the tyrosine nitration of proteins, although other mechanisms cannot be ruled out ( Radi 2004 ) . In animal cells, this protein modifi cation has been routinely used as a marker of pathological diseases and oxidative stress ( Ischiropoulos 2003 , Casoni et al. 2005 , Szabó et al. 2007 ). Consequently, an increase in tyrosine nitration of proteins could refl ect a stress situation that results in the inactivation of target proteins (loss of activity or an increase in vulnerability to protease degradation), contributing to a pathological situation. Accordingly, in leaves from olive plants under salt stress conditions, an increase in the number of proteins of 44-60 kDa that underwent tyrosine nitration has been described. This increase in NO 2 -Tyr was accompanied by a general rise in ·NO, RSNO, GSNO, H 2 O 2 and O 2 · − , indicating that salinity provoked oxidative and nitrosative stress , Valderrama et al. 2007 .
In pea plants exposed to low temperature (8°C) for 48 h an intensifi cation of nitrated proteins in the range 29-59 kDa has been described. In this case, the protein nitration was also accompanied by an activation of L -arginine-dependent NOS and GSNOR activities, as well as an increase in the content of RSNOs ( Corpas et al. 2008c ) . Moreover, in tobacco BY-2 suspension cells treated with a fungal elicitin, the induction of tyrosine nitration in proteins with molecular masses in the range 20-50 kDa has also been demonstrated ( Saito et al. 2006 ) . Furthermore a rise in nitrotyrosine immunoreactivity during the progression of the HR in Arabidopsis has been described ( Romero-Puertas et al. 2008 ). In our case, the protein tyrosine nitration increased in susceptible cultivar after infection, its cellular distribution being totally coincident with the cellular distribution of RSNOs ( Figs. 5 , 6 ). This result correlates well with the increase of O 2 · − ( Fig. 2 ) . However, the origin of the ·NO (necessary to form peroxinitrite) did not appear to be the NOS activity, given that the latter was reduced ( Fig. 3 ) . In fact, there is an inverse correlation between ·NO and RSNO content; therefore, these RSNOs (GSNO) could be an alternative source of ·NO because both are increased in the susceptible cultivar after infection. Accordingly, it has been described that in the mitochondrial membrane RSNOs mediate an extensive protein nitrosation that is accompanied by an increase in O 2 · − generation from complex I which caused the mitochondrial dysfunction during nitrosative stress ( Dahm et al. 2006 ) .
Finally, considering the increase of protein tyrosine nitration as a potential marker of nitrosative stress ( Corpas et al. 2007b ), our results suggest that the susceptible cultivar could undergo nitrosative stress; however, an opposite situation was observed in the resistant cultivar. Taken together, these fi ndings suggest that the nitrosative stress generated under biotic stress conditions is supported by the induction of RSNO content and this induction is independent of L -argininedependent · NO generation. Furthermore, it has been shown that RSNOs and GSNO could be key elements in the mechanism of resistance in the incompatible interaction avoiding the process of nitrosative stress observed in the susceptible cultivar. Therefore, it is proposed that the increase in protein tyrosine nitration can be a potential marker of nitrosative stress in plant cells under biotic stress conditions in the same way that lipid peroxidation or protein carbonylation are widely recognized as markers of oxidative stress. In future work, we will use proteomic analysis to identify the specifi c target proteins of tyrosine nitration in vivo.
Materials and Methods

Sunfl ower genotypes and growth conditions
Sunfl ower ( H. annuus L.) seeds were obtained from Koipesol Seeds SA (Seville, Spain). Sunfl ower cultivars X55 (resistant to P. halstedii races 1-10) and HA89 (Peredovick variety and susceptible to P. halstedii infection) were used during this study ( Chaki 2007 , Roldán-Serrano et al. 2007 ). Seedlings were sown in wet vermiculite, and grown in a growth chamber for 9 d, with 16/8 h light/dark at 20°C.
Infection procedure with P. halstedii race 2
Sunfl ower seeds were surface sterilized with 70% ethanol for 4 min, rinsed with distilled water, then immersed in 10% household bleach (0.5% sodium hypochlorite) for 20 min, and rinsed again three times with distilled water. For germination, seeds were rolled up in wet double fi lter paper, covered with aluminum foil and kept at 28°C for 48 h. Inoculation was performed following the whole seedling immersion method ( Cohen and Sackston 1973 ) with a suspension of P. halstedii race 2 containing 90,000 zoosporangia ml −1 . Seedlings were sown in wet vermiculite, and grown in a growth chamber, with 16/8 h light/dark at 20°C. After 9 d, they were covered with transparent plastic bags for 2 d in order to allow P. halstedii sporulation. Spores collected from Peredovick plants were used as the inoculum source.
Resistant and susceptible sunfl ower seeds were germinated as described above, and then divided into two groups: one was inoculated and the other immersed in distilled water and kept under the same conditions as the inoculated seedlings. Both inoculated and non-inoculated seedlings were sown in four pots of 15 plants each and grown as described above. After 9 d, hypocotyls were excised and used as plant material.
Crude extract of sunfl ower hypocotyls
Hypocotyls were ground using a mortar and pestle in liquid nitrogen. The resulting coarse powder was transferred into 1/5 (w/v) extraction buffer, which was different depending on the activity to be assayed. For NOS activity the buffer was 0.1 M Tris-HCl buffer, pH 8.0, containing 0.1 M NaCl, 7% (w/v) polyvinyl polypyrrolidone (PVPP), 1 mM EDTA, 1 mM phenylmethylsulfonyl fl uoride (PMSF), 15 mM dithiothreitol (DTT) and protease inhibitor cocktail (2×; Sigma). For GSNO activity the buffer was 0.1 M Tris-HCl, buffer, pH 7.6, containing 5% sucrose, 7% (w/v) PVPP; 0.05% Triton X-100, 0.1 mM EDTA, 15 mM DTT, 1 mM PMSF and protease inhibitor cocktail (2×; Sigma). Then, the crude extracts were centrifuged at 3,000× g for 6 min (4°C) and the supernatants were passed through Sephadex G-25 gel fi ltration columns (NAP-10 from Amersham) to remove salts and low molecular weight components.
Determination of H 2 O 2
In crude extracts, the H 2 O 2 content was determined by a spectrofl uorometric assay, as described by Creissen et al. (1999) with some modifi cations ).
l -Arginine-dependent NOS activity assay
Nitric oxide production from l -arginine was estimated by ozone chemiluminescence methods using a Nitric Oxide Analyzer (Sievers NOA™ 280i, Sievers Instruments, Boulder, CO, USA) according to Valderrama et al. (2007) . For this activity assay, the supernatants were fi ltered through a NAP-10 column to remove salts and low molecular weight components, but the columns were equilibrated and washed with 40 mM HEPES buffer (pH 7.2) containing 0.2 mM CHAPS. NOS activity was measured in triplicate for each sample for 30 min at 37°C in the elution medium containing 40 mM HEPES buffer (pH 7.2), 0.2 mM CHAPS, 10 µ M FAD, 10 µ M FMN, 10 µ M tetrahydrobiopterin (BH 4 ), 10 µ g ml −1 calmodulin, 1.25 mM CaCl 2 , 1 mM β -NADPH and using a concentration of 1 mM L -arginine. The production of ·NO was computed after subtracting the blank value (time zero minutes), which represented the non-enzymatic production. The activity was expressed as nmol of NO mg −1 protein min −1 . To validate this method and determine the NOS activity of the plant samples, a commercial rat neuronal NOS from Calbiochem (San Diego, CA, USA) (2.9 U) was assayed separately as positive control. The NOS activity was also determined using a concentration of 0.1 M L -arginine, in the absence of cofactors and in the presence of the animal NOS inhibitors such as 1 mM L -N G -monomethyl arginine citrate ( L -NMMA) and 5 mM aminoguanidine (AG) which are irreversible inhibitors of both constitutive and inducible NOS activities in animal cells ( Laszlo et al. 1995 , Griffi th and Kilbourn 1996) . As negative controls, samples were pre-heated at 95°C for 10 min.
Protein concentration was determined with the Bio-Rad Protein Assay (Hercules, CA, USA), using BSA as a standard.
Non-denaturing gel electrophoresis and staining for GSNOR activity
Native PAGE was performed using 6% acrylamide gels in Tris-boric-EDTA (8.9 mM Tris base, 8.9 mM boric acid, 0.2 mM Na 2 EDTA) buffer, pH 8, as described by Laemmli (1970) . Staining for GSNOR activity was carried out using a modifi cation of the method reported by Seymour and Lazarus (1989) and Fernández et al. (2003) . Gels were soaked in 0.1 M sodium phosphate, pH 7.4, containing 2 mM NADH, for 15 min, in an ice bath. Excess buffer was drained, and gels were covered with fi lter paper strips soaked in freshly prepared 3 mM GSNO (Calbiochem). After 10-15 min, the fi lter paper was removed, and bands were visualized when gels were exposed to UV light. The presence of GSNOR activity was shown by positive bands corresponding to the disappearance of NADH fl uorescence ).
SDS-PAGE and immunoblot analysis
SDS-PAGE was carried out according to the method of Laemmli (1970) in 12% acrylamide slab gels. For Western blot analysis, proteins were electroblotted to polyvinylidene difl uoride (PVDF) membranes with a semi-dry Trans-Blot cell (Bio-Rad). After transfer, membranes were used for cross-reactivity assays with a rabbit polyclonal antibody against NO 2 -Tyr ( Uttenthal et al. 1998 ) diluted 1 : 7,000. For immunodetection, an affi nity-purifi ed goat anti-rabbit IgGhorseradish peroxidase conjugate (Bio-Rad) and an enhanced chemiluminescence kit (ECLPLUS, Amersham Biosciences, Piscataway, NJ, USA) was used. As positive control, commercial nitrated BSA (Sigma) was used.
The intensity of bands was quantifi ed using a Gel Doc system (Bio-Rad) coupled with a highly sensitive CCD camera. Band intensity was expressed as relative absorbance units.
Chemiluminescence detection of total RSNOs
Total RSNOs were estimated by a chemiluminescence method, as described by Jourd'heuil et al. (2005) with some modifi cations ( Valderrama et al. 2007 , Corpas et al. 2008 . The detection of RSNOs is based on the reductive decomposition of nitroso species by an iodine/triiodide mixture to release ·NO, which was subsequently measured by gas-phase chemiluminescence upon reaction with ozone. RSNOs are sensitive to mercury-induced decomposition, unlike other nitroso species including nitrosamines and nitrosyl hemes. The samples were homogenized and suspended in 0.1 M Tris-HCl buffer, (pH 7.5) containing 5% (w/v) sucrose, 7% (w/v) PVPP, 0.05% (v/v) Triton X-100, 0.1 mM EDTA, 15 mM DTT, 1 mM PMSF, 100 µ M DTPA (diethylenetetraminepentaacetic acid) and a protease inhibitor cocktail (1/5; w/v), then centrifuged at 20,000× g for 10 min. The supernatants were incubated with 10 mM NEM ( N -ethylmaleimide) for 15 min at 4°C to block free thiols, and with 10 mM sulfanilamide for 15 min at 4°C, to eliminate residual nitrites. Then, these samples were analyzed in a Nitric Oxide Analyzer (NOA 280i, Sievers Instruments). The whole procedure was performed under red safety light to protect RSNOs from light-dependent decomposition.
Production of antibody against GSNOR and IgG purifi cation
The service of Sigma-Genosys (UK) for polyclonal antibody production from a selected peptide was used to obtain the antibody against GSNOR. The peptide was ESVGEGVTE-VQPGD, which corresponds to the residues between Glu78 and Asp91 of the Oryza sativa GSNOR (accession No. A2XAZ3). This peptide is conserved among different plant GSNORs, is hydrophilic and contains one predicted β -turn. The selected peptide was conjugated to a carrier protein, the keyhole limpet hemocyanin (KLH) which is derived from marine molluscs, via the thiol group of a cysteine residue added to the C-terminus of the selected peptide using MBS (maleimidobenzoyl-N -hydroxysuccinimide ester) chemistry. Thus, the construction ESVGEGVTEVQPGD-[C]-KLH was used for the immunization of two rabbits according to the protocol of six immunizations per rabbit (Sigma-Genosys, UK).
The IgG fraction of serum was isolated using an Econ-Pac Serum IgG purifi cation kit (Bio-Rad). To study the immunolocation of GSNOR, this antibody was evaluated by Western blot and recognized an immunoreactive band of approximately 47 kDa (Supplementary Fig. S3 ), which is similar to that described in different organs of Arabidopsis ( Espunya et al. 2006 ) .
Real-time quantitative PCR
Real-time quantitative PCR was performed in 20 µ l of reaction mixture, composed of 1 µ l of different cDNAs and master mix IQ™ SYBR ® Green Supermix with a fi nal concentration of 0.5 U of hot-start iTaq™ DNA Polymerase (Bio-Rad), 20 mM KCl, 16 mM Tris-HCl, pH 8.4, 0.16 mM of each dNTP, 2.4 mM MgCl 2 , 0.5 µ M gene-specifi c primers (see Table 2 ) and SYBR Green I, and 8 nM fl uorescein, using a iCycler iQ system (Bio-Rad). Amplifi cations were performed under the following conditions: initial polymerase activation: 95°C, 4 min; then 30 cycles of 30 s at 95°C, 30 s at 60°C and 1 min at 72°C.
The specifi c primers for the sunfl ower Ha-PR5 (see Table 1 ) were designed to anneal at different exons at distances large enough to avoid the appearance of false-positive bands caused by co-amplifi cation of contaminating DNA based on the partial cDNA previously obtained, using 18S RNA as an internal control.
Detection of O 2 · − , · NO and RSNOs by CLSM
Superoxide radicals (O 2 · − ) were detected in hypocotyl transverse sections of approximately 25 mm 2 that were incubated at 37°C for 30 min with 10 µ M DHE (Fluka), as described by Valderrama et al. (2007) . Background staining, routinely negligible, was controlled with hypocotyl sections which were unstained or pre-incubated with the superoxide radical scavenger TMP (1 mM) for 1 h.
NO was detected with 10 µ M DAF-2 DA (Calbiochem) prepared in 10 mM Tris-HCl (pH 7.4); transverse sections were incubated at 25°C for 1 h, in darkness, according to Corpas et al. (2006) . After incubation, samples were washed twice in the same buffer for 15 min each. Then, hypocotyl sections were embedded in a mixture of 15% acrylamidebisacrylamide stock solution as described elsewhere , and 80-100 mm thick sections, as indicated by the vibratome scale, were cut under 10 mM phosphate-buffered saline (PBS). Sections were then soaked in glycerol : PBS (containing azide) (1 : 1, v/v) and mounted in the same medium for examination with a CLSM system (Leica TCS SL, Leica Microsystems, Wetzlar, Germany), using standard fi lters and collection modalities for DAF-2 green fl uorescence (excitation 495 nm; emission 515 nm). Background staining, routinely negligible, was controlled with unstained hypocotyl sections. As control, sections were pre-incubated for 30 min at 25°C with 200 µ M cPTIO, an ·NO scavenger.
RSNOs were detected using the fl uorescent reagent Alexa Fluor 488 Hg-link phenylmercury ( Valderrama et al. 2007 , Corpas et al. 2008 . Sunfl ower hypocotyl segments of approximately 25 mm 2 were incubated at 25°C for 1 h, in darkness, with 10 mM NEM prepared in ethanol, and then were washed three times in 10 mM Tris-HCl buffer, pH 7.4, for 15 min each. Then, they were incubated with 10 µ M Alexa Fluor 488 Hg-link phenylmercury (Molecular Probes, Eugene, OR, USA) for 1 h at 25°C, in darkness. After washing three times in the previous buffer, hypocotyl sections were embedded in a mixture of 15% acrylamide-bisacrylamide stock solution and were processed as described above. The sections were analyzed with a CLSM system using standard fi lters for Alexa Fluor 488 green fl uorescence (excitation 495 nm; emission 519 nm). For background staining, control sections were incubated with β -mercaptoethanol plus Alexa Fluor 488 and without NEM (Corpas et al. 2008 ).
Immunolocation of GSNO, GSNOR and NO 2 -Tyr by CLSM
Sunfl ower hypocotyls ( n = 5 for each experimental group) were cut into 4-5 mm pieces and fi xed in 4% (w/v) p -formaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 3 h at room temperature. Then they were cryoprotected by immersion in 30% (w/v) sucrose in PB overnight at 4°C. Serial sections, 60 µ m thick, were obtained by means of a cryostat (2800 Frigocut E, Reichert-Jung, Vienna, Austria). Free-fl oating sections were incubated overnight at room temperature with GSNO rat antisera (Calbiochem, cat. No. 487932) diluted 1 : 2,500 in 5 mM Tris-HCl buffer, pH 7.2, 0.9% (w/v) NaCl, containing 0.05% (w/v) sodium azide, 0.1% (w/v) BSA and 0.1% (v/v) Triton X-100 (TBSA-BSAT). After several washes with TBSA-BSAT, sections were incubated with biotinylated goat anti-rat IgG (Pierce), diluted 1 : 1,000 in TBSA-BSAT, for 1 h at room temperature. Then, sections were washed again and incubated with Cy2-streptavidin (Amersham Biosciences), diluted 1 : 1,000 in TBS-BSAT, for 90 min at room temperature, this and the following steps being carried out in the dark. After several washes, sections were then mounted in PBS : glycerol 1 : 1. Hypocotyl sections were examined with by CLSM (Leica TCS SL, Leica Microsystems, Wetzlar, Germany).
For the immunolocation of GSNOR, purifi ed IgG of a rabbit polyclonal antibody against GSNOR diluted 1 : 50 was used. For the immunolocation of protein NO 2 -Tyr, a rabbit polyclonal antibody against NO 2 -Tyr ( Uttenthal et al. 1998 ) diluted 1 : 300 was used. Controls for background staining, which was usually negligible, were performed replacing the primary antibody with a normal rabbit or rat serum.
Supplementary data
Supplementary data are available at PCP online.
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